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COMPUTER~-CONTROLLED APPARATUS FOR THE MEASUREMENT OF
THE NORMAL SPECTRAL EMISSIVITY OF MATERIALS

1.0 INTRODUCTION "‘:

The optical properties of materials at elevated temperatures -9 ¢
have received greater interest in recent years due to technolo-
gical advances in material fabrication and the search for alter-
nate energy sources. Experimental data characterizing the high
temperature optical properties of materials is sparse, and hence xh
a need exists for the measurement of thermal radiative properties '
of such materials especially in the infrared region of the spec-
trum at moderate temperatures. This paper discusses one such .
thermal property, namely emissivity, defined as the ratio of the T'.
radiation from the surface of a material to the radiation from a |
blackbody at the same temperature. .

P TSRy

The method of DeVos [l1] was chosen to measure the normal .
spectral emissivity of materials. This method involves the .
comparison of the radiant intensity normal from a sample tube
surface to the radiant intensity from a blackbody hole in the
- tube wall. Since the blackbody and the sample tube are essen-

g tially at the same temperature, one only needs to take the ratio ~
i
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of the radiation from the sample surface and the blackbody to
determine the normal spectral emissivity of the sample.

This paper describes a computer-controlled apparatus which ‘-
has been designed, fabricated and tested to measure the normal
spectral emissivity of materials in the infrared region of the
- spectrum. Some unique features of the emissivity system include:

Manuseript submitted September 29, 1982,




1. Blackbody and sample form a single unit at
essentially the same temperature,

2. Vacuum or inert atmosphere to eliminate surface
contamination,

3. Automatic positioning of blackbody and wall
images on entrance slit of monochromators,

4. Automated to ensure rapid data acquisition
and reduction,

5. Wide temperature range: 500°C to incandescence,
6. Broad wavelength range: 1-15um,

7. Solid-state IR detectors for highest sensitivity,
and

8. Ease of interchanging samples.

The present system was designed as an engineering instrument
for the rapid assessment of the emissivity of materials with
tungsten foil chosen as the initial material to test the oper-
ation of the system. The tungsten foil, while 99.95% pure, was
not annealed and all results presented here are described by an
"as is" tungsten surface. The normal spectral emissivity data
for the "as is" tungsten surface in the 2-6um region was approxi-
mately 10% higher than annealed samples. Most materials are
supplied without any surface preparation and data on the radia-
tive properties of "as is" surfaces will provide useful inform-
ation for the rapid analysis of such materials.

2.0 DESCRIPTION OF EMISSIVITY APPARATUS

The present system consists of the sample, sample chamber,
sample positioner, optical system, and data processing system.
Figure 1 shows a schematic of the complete system. Each section
will be described in detail.

2.1 Sample

The test sample was fabricated from a one-mil unannealed
tungsten foil supplied by the A.D. Mackay Company with a purity
content of 99.95%. The tungsten ribbon was then formed into a
triangular tube following the method of DeVos except that the
blackbody hole was 1.50mm in diameter as opposed to a .3mm
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diameter. The error introduced reduced the blackbody emissivity
from unity to .975 [2]. The blackbody tube dimensions were:

Length: 15cm
Triangular Cross Section: 0.6 x 0.6 x 0.6cm
Wall Thickness: 25u

Surface roughness measurements made at NRL [3] on the "as
is" tungsten foil indicated an average roughness of one micron
and waviness amplitude of 15 microns. Auger electron spectro-
scopy (AES) was used to determine the thickness and composition
of any possible surface contaminant. The results showed that the
first 2005 is composed of a mixed tungsten carbide-oxide layer
and after 2003-500; the sample is mainly tungsten. A thin layer
of 500& or less does not influence the surface emission proper-
ties of the tungsten sample appreciably. Therefore, the "as is"
tungsten surface was virtually contaminant free but not optically
smooth.

2.2 Sample Chamber

The design of the sample chamber is shown in Figure 2. The
outside body consists of standard stainless steel vacuum compo-
nents. The chamber was evacuated using an 11 liter per second
ion pump with an ultimate pressure of 10~% Torr. The chamber
pressure never exceeded 10~7 Torr during any of the reported
runs. Figure 2 also shows the connections of the tubular sample
to the vacuum feedthroughs. The vacuum feedthroughs were oxygen
free high conductive (OFHC) copper rods one-fourth inch in diam-
eter which have a maximum current handling capability of 150 amps.
These rods were water-cooled which allowed measurements of the
tungsten sample at incandescent temperatures. The tungsten tube
was first capped on both ends and then tantalum tabs were spot
welded to tungsten rods one-eighth inch in diameter, which in
turn fitted into set-screw sockets on the copper feedthroughs. A
tungsten spring which was needed to absorb the thermal expansion
of the tube was spot welded to the lower end of the tube. A
platinum, platinum - 10% rhodium thermocouple was placed down
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into the center of the tube to record the tube temperature below
incandescence. The thermocouple leads were insulated from the
tube by alumina tubing. A Hewlett Packard (HP) power supply
rated at 10 volts and 100 amps was used to control the tempera-
ture of the sample from room temperature to 1300°C.

2.3 Sample Positioner

In order to measure the intensity from the blackbody hole
and the wall the sample chamber had to be aligned relativa to
the monochromator entrance slit. The sample chamber was mounted
on vertical and horizontal linear translation stages as shown in
Figure 3. Direct current torque motors were incorporated into
these linear stages by means of universal joints, and the limit
switches were added to restrict the total linear translation.
Relays were placed in between the motor power supplies so that
the computer was able to control movement of the translation
stage in either direction by controlling the relay on/off times.
In this manner linear displacements as small as one mil could be
achieved. The fact that the exact position of either translation
stage was unknown caused no concern since the intensities of the
hole and wall are the important parameters and the lock-in ampli-
fier signal is used in a feedback mode to determine these posi-
tions. The blackbody hole position is determined coarsely by
aligning the spherical mirrors of the entrance optics and deter-
mining a relative maximum on the lock-in amplifier panel meter.
The computer then does fine adjustments to locate the blackbody .
hole more precisely.

2.4 Optical System

In order to image the tube on the monochromator entrance
slit, focusing optics consisting of concave mirrors were used as

shown in Figure 1. Reflective optics have a dual advantage over
refractive optics in that the intensity transmitted is higher and
chromatic aberration is absent. The sgspherical mirrors were used
close to axis to minimiz -~sti .atism and coma, and produced an
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image of the tungsten tube on the entrance slit with a 2.0 magni-
fication. The arrangement was such that the optics remained
stationary and the sample chamber was adjusted for wall and
blackbody sampling. The slit on the monochromator was fitted
with a circular diaphragm in order to make the image of the
blackbody hole larger than the diaphragm opening which enabled
the monochromator to sample equal areas of hole and wall. The
monochromator was a Spex one-half meter (£f/7) and with proper
change of grating covers the 2-15um region. Filters were used

to eliminate higher orders from the grating and scattered light.
A potassium bromide (KBr) window on the sample chamber allowed
high IR transmission in the 2-15um range. A Barnes pyroelectric
detector was initially used since it had a flat spectral response
over the entire wavelength region but it's sensitivity was not
sufficient for low temperature (<700°C) measurements. Two solid-
state IR detectors which increased the sensitivity by a factor of
ten were mated to the system. An InSb detector with a 100Hz
chopping frequency covered the 2-5.5um region while a HgCdTe
detector with a 1000Hz chopping frequency covered the 5.5-1l4um
range.

2.5 Data Processing System

The signal from the solid-state IR detector was processed
using a PAR Model 186 Lock-In Amplifier and a HP 9825A desk-top
computer. A reference signal needed for synchronization was
sent to the lock-in amplifier by a PAR Model 192 variable fre-
quency chopper. The HP 9825A computer automatically adjusted the
range setting on the lock-in amplifier to give the best signal
on the appropriate scale. The values recorded, corresponding to
wall and hole intensities, were compiled by the computer and the
ratio, i.e. emissivity, was calculated and plotted versus wave-
length in real time. 1In addition, statistical error analyses on
walli and hole intensities were calculated and error bars were
plotted on the emissivity versus wavelength plots. The HP 9825A
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controlled all movements of the sample chamber and the wavelength
position of the monochromator.

3.0 MEASUREMENT PROCEDURE
3.1 Emissivity Measurements

The first step in this procedure is the fabrication of the
tubular sample followed by the mounting of this sample in the
vacuum chamber. The blackbody hole is aligned to be normal to
the KBr viewing window. The system is sorption-pumped down to
~10~% Torr and then the ion pump is engaged to bring the pressure
down into the 10-® Torr range. The forepump system is then dis-
connected and the system is baked out to 125°C. While the stain-
less steel chamber and sample can withstand much higher bakeout
temperatures, the KBr window is limited to 150°C, therefore 125°C
was taken as a safe bakeout temperature. The system was given
about three weeks of temperature conditioning to allow the sample
to reach 1000°C while maintaining a vacuum of no less than 10~7
Torr. All runs were taken in the 10-7 - 10~® Torr pressure range.

The initial step in acquiring spectral emissivity data was
to run the HP 9825A computer with the control program shown in
Appendix A. The wavelength counter and the motor positioners of
the sample chamber were initialized at the coordinates of maxi-
mum signal from the blackbody hole. Thereafter, the computer
performed all the functions needed to produce the emissivity
plots. The first step is the location of the blackbody hole
using a sampling of three consecutive points. The computer
moves the horizontal and then the vertical positioner in 16-mil,
4-mil, 2-mil, and 1l-mil steps while finding the maximum of three
consecutive points. When it has sufficiently located the black-
body hole, the computer averages the detector signal for 200 data
points and then samples nine positions about the maximum sepa-
rated by 1 mil. These points are recorded and averaged as the
intensity of the blackbody hole. The positioners then move to
upper and lower wall positions, approximately 120 mils from the




blackbody hole, and samples nine upper and nine lower wall values.
An average wall value is calculated along with its standard devi-
ation. The results are printed out and a point is plotted on the
emissivity versus wavelength graph in real time. The computer
then moves the wavelength counter to the next wavelength position,
repeats this procedure, and continues until the wavelength region
of interest is covered. 1In this way a quick estimate of any
significant deviation of the system can be analyzed before pro-
ceeding further. The data is then stored on tape in order to be
used for additional analyses.

3.2 Temperature Measurement

The temperature of the sample is determined by the platinum,
platinum - 10% rhodium thermocouple for temperatures below incan-
descence and a precision disappearing filament micro-optical
pyrometer for temperatures above incandescence. The thermocouple
is located inside the sample tube and the optical pyrometer is
focused on the blackbody hole. 1In the region of incandescence,
the two methods agreed to within 10°C. The pyrometer was cali-
brated against standards traceable to the National Bureau of
Standards and the maximum uncertainty is + 3°C. All readings on
the pyrometer were corrected for absorption of the KBr window
and the plane mirror.

4.0 PRECISION AND EVALUATION OF EMISSIVITY APPARATUS

An absolute estimate of the performance of the present
system could not be made due to the lack of suitable emissivity
standards; however, estimates of the accuracy and precision of
the apparatus were taken from sample, optical, and electronic
sources of error.

4.1 Sample

The circular hole in the tungsten tube did not follow DeVos
criteria exactly and was not therefore an ideal blackbody. The
blackbody correction is a function of wavelength and temperature
but the error as discussed previously amounted to no greater than

10
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2.5%. Due to the small thickness of the tube no correction was
needed for the difference in temperature between the outer and iy
inner surfaces of the tube. Since temperature gradients along 1
the longitudinal axis of the tube in the vicinity of the black- _' }
body hole were less than 3°C, this error was less than 2.3%.
@
!
]

4.2 Optical

Since the optical path for the blackbody and wall is identi-
cal, no error due to the absorption of radiation is possible.
The calibration of the wavelength range using the mercury green .
line was approximately + .04um. Scattering within the optical
system has been shown to be minimal by other authors using simi-
lar designs [4,5].

N WRFL Y o

4.3 Electronic L

The measurement of the emissivity requires the ratio of the
wall intensity to the blackbody hole intensity. The precision
of this measurement is controlled by the signal-to-noise ratio
of the data processing system. To calculate the precision, six N
values at 2um and six values at 6um at 700°C were taken and the
precision was + .002 and + .001, respectively. All ruhs reported
ﬁ represent an average of at least three trials. X

4.4 Performance Summary

Considering all the systematic errors and the precision o
involved in computing a particular data point as discussed above, )
the overall evaluation of the present system is better than + 5% :
with the major uncertainty in the non-ideal blackbody hole. ‘;}

[ 5.0 RESULTS AND CONCLUSIONS

¢ As a test for the present system, the normal spectral ®
Z emissivity of the "as is" tungsten surface at temperatures of
700°C and 900°C from 2-6um is shown in Figure 4. This tungsten
. sample was not mechanically polished or annealed, but its surface
was cleaned using acetone, methanocl, and distilled water. The i 'j
f expected increase in emittance with temperature at wavelengths :
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greater than the X-point is clearly shown. Figure 5 shows the
comparison of the emissivity of the "as is" tungsten surface at
900°C with previously reported data [5,6] on annealed tungsten
surfaces in the 2-6um region. The error bars on the graph derive
mostly from the statistical variations in the wall averaging.
These results show that the difference between specially prepared
or annealed tungsten and "as is" tungsten is of the order of 10%.

The present automated apparatus which was designed to measure
the normal spectral emissivity of materials was successfully
tested and its systematic errors identified. It is shown to
provide a valuable tool for the rapid assessment of the spectral
emissivity of materials. 1Its future use will involve the inves-
tigation of selective emitter coatings and the effect of oxidation
on the normal spectral emissivity of materials. This paper
presented only the 2-6um spectral data. The publication of the
6-15um data is planned in the near future.
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APPENDIX A

The computer program which controls the emissivity apparatus
and calculates the normal spectral emissivity uses HPL, a high
level, formula-oriented language. While most of the program is
self-explanatory, some special features in the automation process
need further explanation. The control of the motorized posi-
tioners takes place through relays in the multiprogrammer of the
HP 9825A and subroutine SOURCE MOVER controls 20-mil, 10-mil,
and 1l-mil movements of the horizontal and vertical positioners.
Subroutines SETUP WAVELENGTHS and WAVELENGTH MOVER control the
initialization and movement of the wavelength drive of the mono-
chromator. Subroutine PEAK FINDER adjusts the positioners until
the maximum signal is found on the lock~in amplifier which corre-
sponds to the blackbody hole intensity. Subroutine RANGER
automatically adjusts the range scale on the lock-in amplifier
in order to determine the most appropriate scale and then sub-
routine READER takes the values from the lock-in amplifier. The
subroutine AREA SAMPLER-WALL goes to upper and lower wall
positions and records the average wall intensity. Subroutine
PLOT-PEAK and WALL AREA allow the plotting of the emissivity
versus wavelength in real time along with error bars based on the
standard deviation of the measurement. A copy of the complete
program is listed below.

15
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